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Abstract
To enhance the power conversion efficiency in organic solar cells, charge recombi-
nation loss needs to be minimized. First, we perform transient absorption spec-
troscopy to study the charge recombination dynamics of thin film bulk heterojunc-
tion of the archetype organic solar cell molecules, copper phthalocyanine (CuPC)
and 3,4,9,10-perylenetetracarboxylic bis-benzimidazole (PTCBI). We report the for-
mation of triplet excitons on PTCBI molecules, which may be an important source of
recombination loss in CuPC/PTCBI photovoltaic cells. Second, spin-forbidden tran-
sition can be employed to reduce the recombination loss in organic solar cells. We
show with a simulation that the spin-disallowed recombination process increases the
charge collection efficiency. Also, we present an experimental result that may imply
the spin-dependent open-circuit voltage in organic bilayer photovoltaic devices.
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Title: Associate Professor
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Chapter 1
Introduction
The field of photovoltaics has developed over the past half century with the promise
of clean and abundant use of solar energy. Organic solar cells promise cost-effective
solar energy generation from low-cost materials and a low-temperature manufacturing
process compatible with flexible plastic substrates. However, their power conversion
efficiency has yet to achieve the capability that allows them to compete with conven-
tional inorganic photovoltaics.
Figure 1-1 shows the absorption coefficient of silicon and generic organic pho-
tovoltaic materials, copper phthalocyanine (CuPC), 3,4,9,10-perylenetetracarboxylic
bis-benzimidazole (PTCBI), and C60 . Those organic molecules show the absorption
characteristic superior to silicon in the visible wavelength, where most solar energy
is concentrated. Although organic molecules absorb photons efficiently, their photo-
voltaic efficiency is limited by their short-range exciton diffusion and poor electrical
transport.
Photoexcitation on organic molecules creates a bound electron-hole pair called
excitons. Excitons on organic molecules have a strong binding energy up to leV due to
their low dielectric constant and molecular localization. In organic photovoltaic cells
donor/acceptor (DA) heterojunction is used to split those strongly bound excitons,
whereas the excitons in inorganic cells are dissociated by the internal built-in electric
field. In a bilayer solar cell, a considerable number of excitons recombine prior to
reaching the DA interface and this causes a significant loss in the power conversion .
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Figure 1-1: Absorption coefficients of silicon and archetypical organic photo-
voltaic materials. CuPC is a donor type, and PTCBI and C60 are an acceptor type.
Organic materials show strong absorption in the visible wavelength (400-700nm),
where the solar spectral density is the highest.
14
Another important loss mechanism can be the recombination of the charge trans-
fer (CT) state, an electron-hole pair across the DA junction, which is formed from
the charge transfer process of excitons. The CT states separated by the internal elec-
tric field become free carriers, which are collected at the electrodes and ultimately
contribute to photocurrent. The poor electrical conductivity of organic molecules
hinders the dissociation of the CT state and lowers the charge collection efficiency in
photovoltaic devices [17].
In this thesis, first, we study the charge recombination process in organic small-
molecule solar cells using photoinduced absorption spectroscopy. We report the triplet
exciton formation in a generic donor/acceptor pair, CuPC/PTCBI, which may limit
its photovoltaic performance. Second, we investigate the spin-dependent charge col-
lection in organic solar cells.

Chapter 2
Physics of organic semiconductors
2.1 Physics of organic solar cells
Figure 2-1 illustrates the power conversion process of organic solar cells. Photon
absorption creates a bound electron-hole pair, or exciton. In organic molecules, the
exciton has a high binding energy up to leV and therefore cannot be dissociated
by the internal electric field. The excitons diffuse toward the donor-acceptor (DA)
heterojunction. The energy offset at the DA interface dissociates the strongly bound
excitons in organic molecules with near unity efficiency. Excitons are separated into
charge transfer (CT) states, which are bound electron-hole pairs across the DA junc-
tion. The CT states can be dissociated into free carriers which ultimately generate
photocurrent [17].
2.2 Spin in a two-particle system
In a system having two particles with a spin 1/2 (in this work, an electron-hole pair),
there are 4 possible basis sets:
There is one state with a total spin of 0 called "singlet." The singlet state is
antisymmetric under particle exchange.
o _ = I T (1) 1 (2) - 1 (1) T (2)}
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Figure 2-1: Power conversion process of organic photovoltaic cells. (a) Photon
absorption (b) Exciton diffusion (c) Charge transfer (d) Charge collection. [17]
There are three states with a total spin of 1 called "triplet." The triplet state is
symmetric under particle exchange.
a+ = {IT (1) 1 (2)+ 1 (1) 1 (2)}
+ = (1) T (2)
a+ =o (1) 1 (2)
The symmetry under particle exchange should be preserved. Thus, the only al-
lowed optical transitions are singlet -t singlet and triplet -t triplet [2].
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Chapter 3
Triplet exciton formation in
CuPC:PTCBI bulk heterojunction
thin films
The CuPC/PTCBI heterojunction has been widely employed for the solar cell [20, 16]
and photodetector [15] application with the high power conversion efficiency of up to
2.7% [23]. However their recombination dynamics has yet to be fully explained.
Once the charge transfer (CT) states are formed from the diffused excitons at the
donor/acceptor (DA) junction, they can be dissociated into free carriers to generate
photocurrent or recombine into low-energy states. If the energy of the triplet exciton
is lower than the CT state, the CT state may recombine into the triplet exciton rather
than the molecular ground state [5] [22].
The energy transfer rate described by Marcus theory [12] is
4i 3  [AG + a]
k = exp (3.1)
h2 akBT MD 4UkBT
where AG is the energy difference between the initial state and the final state, a is
the reorganization energy, MDA is the electronic coupling, kBT is the thermal energy,
and h is Planck's constant. The Marcus transfer rate peaks when AG is at -a. Since
the energy transfer from the CT state to the triplet exciton is closer to the resonance
than that to the ground state, the decay into the triplet exciton may be faster than
the ground state recombination and thus cause a more substantial loss in the PV
efficiency.
We perform transient absorption spectroscopy to study the charge recombination
dynamics of thin-film CuPC:PTCBI bulk heterojunctin. We report the formation of
triplet excitons on PTCBI molecules caused by a low-energy PTCBI triplet state.
3.1 Transient absorption setup
Transient absorption spectroscopy has been widely employed to study the non-luminescent
physical phenomena such as electron transfer [21], intersystem crossing [10], and po-
laron recombination [14]. Charge transfer states in most DA pairs do not emit photons
when they recombine. Therefore, we performed transient absorption spectroscopy to
study the recombination kinetics of CT states.
In transient absorption spectroscopy we detect the absorption of excited states
and thus the time-resolved evolution of population of excited states. The transient
absorption setup includes two light sources: the pump source that optically excites
the molecules in the sample and the probe source whose light transmits through the
sample and is absorbed by the excited states. We detect the transient change of the
probe light that is transmitted through the sample upon the pump light excitation.
Our transient absorption setup is built as illustrated in Figure 3-1. The time scale
of the measurement system is nanoseconds to milliseconds. The nitrogen pulse laser
and the tungsten halogen lamp are used as the pump and probe source, respectively.
Upon the optical excitation by the nitrogen laser, singlet excitons are created. The
singlet excitons split into CT states within a few hundreds of femtoseconds if the
splitting is energetically favorable [21]. Otherwise, the singlet excitons can recombine
or can be converted to triplet excitons. These long-lived CT states or triplet excitons
absorb the white light provided by the tungsten halogen lamp. We placed the infrared
long-pass filter in front of the tungsten halogen lamp in order to prevent the visible
light of the lamp from exciting the sample and thus creating background charges. The
IR long-pass filter
Tur
hal
H2 Cryostat (50K)
Sample
Trigger Signal
Figure 3-1: Schematic diagram of the transient absorption setup The nitrogen
laser creates singlet excitons which will be subsequently converted to CT states or
triplet excitons that we probe in this work. Then, the CT states or triplet excitons
absorb the white light provided by the tungsten halogen lamp. The monochromator
selects the wavelength of transmitted light. The photodiode detects the change of the
transmitted light upon the laser pulse. The sample is held in the flowing helium at
the constant temperature of 50K. The setup probes the decay dynamics of CT states.
photodetector detects the change of the transmitted light intensity at the wavelength
that the monochromator selects. The oscilloscope synchronized with the nitrogen
laser collects the signal.
The variation of the probe light is represented by
AT (3.2)T
where T is the transmitted light intensity and AT is the change in it.
The transient absorption signal can be generally explained by a sum of the follow-
ing two contributions. First, ground state bleaching is caused by the depletion of the
ground state population. Molecules that are already in the excited states cannot ab-
sorb photons that correspond to the So - S, transition. The absorption is decreased
and hence AT is positive.
Second, photoinduced absorption occurs when the absorbed light promotes the
excited states to higher excited states. The absorbed photons have the energy that
matches the difference between the original excited states and the higher excited
states. The absorption is increased and thus - is negative.
Except for two cases above, the local heating effect can occur. When the en-
ergy of pump pulse is intense (- lkJ/cm2) the temperature of the sample can rise
quickly and the linear absorption coefficient can vary. The local heating effect can
be confirmed by comparing the differential transmission spectra with the change of
absorption coefficient with varying temperature [7]. To avoid the local heating ef-
fect, we conducted the measurement in the infrared wavelength, where the effect is
negligible.
3.2 Experimental methods
Photoinduced absorption spectroscopy (PIA) observes the time-resolved population
of excited states by detecting their absorption. Our PIA setup is built as illustrated
in Section 3.1. The time scale of the setup is nanoseconds to milliseconds. Singlet
excitons break into CT states within a few picoseconds after their formation and
therefore our setup detects only long-lived species such as CT states, triplet excitons,
and unpaired polarons.
In order to determine the absorption wavelength of CuPC cations and PTCBI
anions we also measured the PIA spectra of related organic materials. Figure 3-2
shows the chemical structure of the organic molecules that are studied in this work.
Table 3.2 includes the ionization potential (IP), electron affinity (EA), singlet and
triplet exciton energy of those materials. Magnesium phthalocyanine (MgPC) was
blended with PTCBI for the comparing with CuPC cation absorption and confirming
the absorption wavelength of PTCBI anions. PTCDA has a deep LUMO level so
that the lowest-energy excited state in CuPC:PTCDA is the CT state. Hence CuPC
cations and PTCDA anions are created under optical excitation in CuPC:PTCDA
thin films. For the PTCBI triplet absorption, PTCBI is mixed with C60 , which has a
triplet quantum yield close to unity and whose triplet energy is higher than PTCBI.
All films are blended by 1:1 by weight and thermally evaporated on a clean glass
(a) MPC (M=Cu, Mg) (b) PTCBI
(c) C60 (d) PTCDA
Figure 3-2: Materials that are used in this work. (a) Cu, Mg phthalocyanine
(b) 3,4,9,10-perylenetetracarboxylic-bis-benzimidazole (PTCBI) (c) C60 (d) 3,4,9,10-
perylenetetracarboxylic dianhydride (PTCDA)
substrate under high vacuum (_10 - 6 torr). The film thickness is around 100nm.
3.3 Photoinduced absorption spectra and transients
Figure 3-3 shows the PIA spectrum of CuPC and PTCBI averaged at 2-4p1 s. The
spectra of MgPC:PTCBI, PTCBI:C 60 , and CuPC:PTCDA are also shown to assign
the features in the CuPC:PTCBI spectrum. The common peak of CuPC:PTCBI and
MgPC:PTCBI at 1200nm is attributed to PTCBI anions. We assign the broad peak
around 1800nm shared by CuPC:PTCBI and CuPC:PTCDA to CuPC cations. The
broad feature at 1450nm is observed both in CuPC:PTCBI and C60 :PTCBI. This
implies the PTCBI triplet generation in CuPC:PTCBI, which will be confirmed with
the PIA transients in the following part.
Material IPa (eV) EAb (eV) Esc ET Reference
CuPC 5.2(7) 3.2(7) 1.7 1 .1d [8] [24]
MgPC 4.96e 3.34 f  [11]
PTCBI 6.2 3.6 1.7 -0.49 [8]
PTCDA 6.8 4.6 2.2 [8]
C60  6.2(4) 3.6 1.8 1.56 [3] [1]
Table 3.1: Donor and acceptor molecules and their corresponding ionization
potentials (IP), electron affinities (EA), singlet and triplet excited state
energy. aMeasured with ultraviolet emission spectroscopy unless noted; bMeasured
with inverse photoemission spectroscopy unless noted; CMeasured with singlet ab-
sorption; dMeasured with phosphorescent emission; eEstimated from electrochemical
half-wave oxidation potential; fEstimated from electrochemical half-wave reduction
potential; gEstimated from the singlet-triplet splitting of perylene (1.3eV) [4]
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Figure 3-3: Normalized photoinduced absorption spectra of the thin-film
blends at 50K. The transient data are averaged at 2-4ps. The features at 1200nm,
1450nm, and 1800nm are assigned to CuPC cations, PTCBI triplets, and PTCBI
anions, respectively.
Figure 3-4 shows the transient absorption of CuPC:PTCBI thin films at the se-
lected wavelengths. The 1800nm band of CuPC cations lives up to milliseconds and
decays in the form of t- '. The decay at 1200nm can be reconstructed with the super-
position of the transients of CuPC cations (1800nm) and PTCBI triplets (1450nm).
Presumably the number of PTCBI anions is equal to CuPC cations. Therefore the
peak at 1200nm is verified to be the absorption of PTCBI anions.
The decay at 1450nm in CuPC:PTCBI decays at the similar rate to the PTCBI
triplet in C60:PTCBI at the time scale of > 100s. This makes sure the formation
of PTCBI triplet excitons in the CuPC/PTCBI photovoltaic system. The lifetime of
PTCBI triplet in C60:PTCBI is 250ps and this value is comparable with the triplet
lifetime of perylene (300ps) [19]. The non-monoexponential behavior of the PTCBI
triplet exciton in CuPC:PTCBI at the short time scale (< 10OOs) can be explained
by triplet-polaron annihilation [18]. The PTCBI triplets in C60:PTCBI are localized
and not perturbed by other excited states, while the PTCBI triplets in CuPC:PTCBI
can be quenched by polarons generated from charge transfer.
Perylene derivatives have a large exchange interaction and thus their singlet-triplet
splitting energy (EsT)is high. A triplet exciton energy of 0.4eV for PTCBI is esti-
mated by comparison with EST of perylene (1.3eV). Since perylene's optical gap is
higher than PTCBI, this triplet energy would be rather underestimated. Nevertheless
the PTCBI triplet exciton lies below the CT state in CuPC:PTCBI in energy.
As shown in Figure 3-3, MgPC:PTCBI does not show the feature of PTCBI triplet
excitons. This can be possibly due to two factors. First, magnesium is lighter in
weight than copper and therefore the spin-orbit coupling in MgPC:PTCBI would be
weaker than CuPC:PTCBI. In bulk heterojunction cells, the charge transfer process
occurs within a few picoseconds after the singlet exciton generation. Since the singlet
excited states cannot undergo the spin mixing process before the charge transfer, most
CT states are initially created as singlet. In a system with high spin-orbit coupling
such as CuPC:PTCBI, these singlet CT states can be converted to triplet CT states,
which will eventually relax into the PTCBI triplet states. However, in a system with
low spin-orbit coupling such as MgPC:PTCBI, the CT states will remain as singlet
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Figure 3-4: The transient decay of charges and triplet excitons in the
CuPC:PTCBI bulk heterojunction. CuPC cations live up to milliseconds and
decay in the form of t- '. The transient of the 1200nm peak (red) can be composed
with the superposition of the decay of CuPC cations at 1800nm and PTCBI triplets
at 1450nm (cyan). Hence we attribute this peak at 1200nm to the sum of PTCBI
anions and PTCBI triplets. The transient at 1450nm (green) decays with the similar
rate to the PTCBI triplet (3PTCBI*) in C60:PTCBI in its long-time scale (> 100ps).
3PTCBI* in C60 :PTCBI is fitted with a monoexponential decay of 250ps (black dash).
and the relaxation into a low-energy triplet exciton will be disallowed. Second, the
CT state energy in MgPC:PTCBI can be lower than or similar to the PTCBI triplet
energy. As shown in 3.2, the ionization potential (IP) of MgPC may be 0.2eV higher
than CuPC, although there are a lot of uncertainties in the measurement.
In conclusion, we observed the PTCBI triplet generation in CuPC:PTCBI thin
films using the PIA spectroscopy. This suggests that in a photovoltaic device having
a low-energy triplet exciton state and a considerable spin-orbit coupling strength,
the CT state recombination into triplet excitons can be an important mechanism for
recombination loss.
Chapter 4
Spin dependence of the charge
collection efficiency in organic solar
cells
The spin conversion process between singlet and triplet is disallowed unless spin-
mrixing processes are involved such as spin-orbit coupling, spin-lattice interaction,
and hyperfine coupling. The molecular ground state has a singlet spin symmetry and
therefore triplet CT states are forbidden to relax into the ground state. We may
employ this effect to reduce the recombination loss of charge transfer (CT) states.
Figure 4-1 shows the electronic states and their conversion pathways that are in-
volved in general organic photovoltaic devices. The spin of the excitons is determined
by the intrinsic property of photovoltaic materials. For example, C60 has a triplet
quantum yield of nearly unity due to their spin-orbit interaction caused by their large
molecular orbit. The spin of the excited state is preserved during the transition from
the exciton to the CT state. Since the energy of the CT state lies lower than the
triplet excitons, both singlet and triplet CT states recombine to the ground state.
The recombination of the triplet CT state is much slower than the singlet CT state
(k• << ks).
The spin-dependent recombination of the CT states can be employed to enhance
the charge collection in organic solar cells. First, we show the simulation result of the
1[D, A]*
Figure 4-1: Electronic states and their conversion pathways. 1 [D, A]* and
3[D, A]* denote the singlet and triplet excited states in donor (D) or acceptor (A)
molecules, respectively. The singlet (CT 1 ) and triplet (CT 3 ) CT states decay into
the ground state with the rate of ks and kT, respectively. In this diagram the triplet
excitons have higher energy than the CT states and therefore the CT states recombine
only into the ground state. Using the fact that kT << ks, we can enhance the charge
collection efficiency in organic PV cells.
solar cell operation depending on the spin of the optically generated CT states. Sec-
ond, we show the initial experimental result for the spin-dependent charge collection.
4.1 Theory and simulation
The steady-state charge distribution and potential profile within the thin-film device
is determined numerically by solving the Poisson equation and the drift-diffusion
equation.
02  q
aX12 )= -(n(x) - p(x)) (4.1)
aaJ. = -qn(x)p•, x(x ) + qD, n(x) (4.2)
Jp = -qp (x)p a-O (x) - qDpa p(X)  (4.3)ax 09X
where O(x) is the potential, n(x) and p(x) and the electron and hole density,
respectively, c is the permittivity, Pn,p is the electron or hole mobility, D,,, is the
diffusion constant, and J,,p is the electron or hole current density.
The areal density of singlet CT states (Ns) at the DA interface follows the rate
equation
DNs 1
=ONs Gos + ayn - (kdiss(E) + ks)Ns (4.4)
at 4
where G is the generation rate of CT states at the DA interface and Os is the quantum
yield of singlet states in G. aynp- is the singlet CT state formation rate by Langevin
recombination of free carriers. Langevin constant y is given by q (p) /c where (p)
is the average of electron and hole mobilities. Only 1/4 of the total CT states are
singlet because the spins of electron and hole that recombine are uncorrelated. a is
the distance in which holes in the donor and electrons in the acceptor can capture and
here we assume that it is the spacing between adjacent molecules (>lnm). kdi,,(E)
is the dissociate rate of the CT states, which are dependent on the local electric field.
ks is the recombination rate of the singlet CT states. In a similar manner, the areal
density of triplet CT states (NT) is determined by
SNT -3T =G( - s) + ayn - (kdiss(E) + kT)NT (4.5)at 4
In the steady state,
Ns 
_NT 0
at at
The current density at the DA interface is given by
J = q(aynpp - kdiss(E)(Ns + NT)) (4.6)
where the first term is the Langevin recombination of free carriers and the latter term
is the generation rate of free carriers from the CT state dissociation.
The field-dependent dissociation rate of the CT state can be described by the
Marcus electron transfer rate.
4·3 /2e[ qEr + UB + U-h2 k kBT MDA exp kBT(4.7)
where E is the electric field at the site of the CT state, r is the distance between
an electron and hole in the CT state, UB is the CT state binding energy, and other
parameters are explained in . The rate is calculated by taking the energy change after
the CT state separation into account. The electric field affects the rate by changing
the final state energy. In our simulation, we assume that UB=O.
We calculated the current-voltage (I-V) characteristic of the organic solar cells
using the equations explained above. The simulation parameters are chosen to be
similar to generic CuPC/Co0 PV cells and the illumination condition of 1 sun. The
parameters used in the simulation are listed in Table 4.1. The photocurrent is calcu-
lated for the case when all the optically-generated CT states are either singlet (Os= 1)
or triplet (¢s=O).
4-2 shows the I-V curves under no illumination, when the CT state generation
is fully singlet, or triplet. The photocurrent from the triplet CT states shows the
enhanced short circuit current, open-circuit voltage, and fill factor. The simulation
result suggests that if we increase the recombination time of the CT states using
spin-selective transition we can improve the power conversion performance of organic
PV devices.
4.2 Experimental methods
In this section, we describe the experimental design that tests the spin-dependent
charge collection in organic solar cells. The device should not contain heavy metal
complexes in order to prevent the spin mixing in CT states by spin-orbit coupling.
C60 is known to have nearly unity triplet quantum yield (OT=0.96 at room tempera-
ture). This is attributed to the fact that the intersystem crossing (-Tsc = 650ps) of
the singlet excited state to the triplet excited state is more rapid than the lifetime
Parameter Value
ks
kT
Donor HOMO DOS
Acceptor LUMO DOS
Anode Workfunction
Cathode Workfunction
Molecular distance
T
Donor thickness
Acceptor thickness
IMDAl
rr
G
Yp
Pn
109s- 1
106s-1
1020exp ((E - 5.4eV)/110meV)) cm-3  -eV- 1
1020exp (-(E - 3.5eV)/110meV)) cm-3 eV-
4.7eV (ITO)
4.26 (Silver)
Inm
300K
20nm
40nm
10cm- 1
0.3eV
3
1017cm - 2
* 10-5cm/V - s
. 10-5 cm/V -s
Table 4.1: Parameters used in the simulation.
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Simulated current density versus voltage for singlet or triplet
generation. The CT state lifetime is assumed to be Ins and lps for
triplet, respectively. The simulation conditions are described in the text.
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Figure 4-3: Electronic states and their energy transfer pathways in
H2PC/PTCBI and H 2PC/C 60 solar cells. (a) In H2PC/PTCBI devices, excitons
in both donor and acceptor layers are singlets. Thus, CT states are singlets regardless
of which layer they originated from. (b) In H2PC/C 60 devices, it is expected that
H2PC and C60 mainly provides singlet and triplet CT states, respectively. The singlet
CT states (CT 1) recombine to the ground state, while the triplet CT states relaxes
into the low-energy H2PC triplet states. Since the energy transfer from CT states to
triplet excitons is close to the resonance in Marcus transfer rate, the relaxation of the
triplet CT state occurs faster than the singlet CT state.
1PTCBI*
0.7
1H2PC*
0.8
(a)
S532nm
670nm
(b)
408nm
670nm
Silver
BCP 90A
PTCB 1300A
H2PC 300A
ITO
Silver
BCP 90A
C60 400A
H2PC 200A
ITO
(C)
V 1i 5
E
o
-0
0
0)
3
2.5
2
1.5
1
0.5
A
1408nm 532nm
-H 2PC
-PTCBI
PTCBI
670nm
400 500 600 700
Wavelength (nm) 800
Figure 4-4: The spin determination of the CT states by the selective illumi-
nation of the donor and acceptor layers. (a) H2PC and PTCBI are illuminated
by 670nm and 532nm lasers, respectively. (b) H2PC and C60 are illuminated by
670nm and 408nm lasers, respectively. The laser intensities are modulated to give
the same short-circuit current for the excitation of the donor and acceptor sides. (c)
Absorption coefficients of H2PC, C60 and PTCBI, and the laser wavelengths that are
used to photoexcite them.
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of the singlet state (Ts > 16ns) [6]. As illustrated in Figure 4-3 (b), the singlet
excitons generated in C60 undergo rapid intersystem crossing while diffusing to the
DA junction. The splitting of the triplet excitons at the DA interface results in the
triplet CT states. The triplet CT states decay mainly to the low-energy H2PC triplet
states because the recombination to the ground state occurs inefficiently in Marcus
inverted region. The triplet energy level of H2PC of 0.8eV was inferred from the
CuPC phosphorescence energy (1.1eV) and the triplet energy difference of CuPC and
H2PC in solution (0.3eV) [13]. The triplet quantum yield for H2PC is low (*T=0.14
in solution [13]). The CT states that originated from H2PC are the singlet and they
non-radiatively recombine to the molecular ground state. In contrast to H2PC/C 60,
both layers in H2PC/PTCBI yield singlet CT states as illustrated in Figure 4-3 (b).
PTCBI is expected to have very small intersystem crossing rate similar to other pery-
lene dyes (0.005 for PBI [9], 0.015 for DAP, and 0.01 for perylene [19]).
As shown in Figure 4-4, the H2 PC/C 60 and H2PC/PTCBI devices were fabricated
on a glass substrate coated with indium tin oxide (ITO). Bathocuproine (BCP) was
deposited to protect organic layers from metal penetration and block exciton diffusion
to the metal contact. Organic materials were purified by vacuum thermal sublimation
prior to use. All materials were deposited by thermal evaporation at 10-6 Torr. The
silver cathod contact was defined by a 1mm diameter shadow mask.
We use the monochromatic laser light of different wavelengths in order to pho-
toexcite selectively either the donor or acceptor layer. H2PC, PTCBI, and C60 are
illuminated by the diode lasers of 670nm, 532nm, and 408nm, respectively.
The quantum efficiency of organic photovoltaic devices is
77EQE = nA ' "ED " ?CT " 77CC
where rA is the absorption efficiency, 7lED is the fraction of excitons that diffuse
to the DA interface, rlCT is the charge transfer efficiency, and 7rcc is the carrier
collection efficiency. At the short-circuit current condition, 7rcc ~100% due to the
presence of the built-in electric field [17]. We are merely interested in the spin effect
on charge collection efficiency. In order to discriminate the spin effect on the excition
diffusion, we modulated the laser light intensities with the optical density filters so
that the short-circuit currents remain the same when each donor and acceptor layer
is selected.
4.3 Results and discussion
Figure 4-5 shows the current-voltage characteristic of H2PC/PTCBI and H2PC/C 60
devices when either the donor and acceptor layer is selectively photoexcited. In the
H2PC/PTCBI device, the origin of the CT states does not affect the charge col-
lection efficiency. For both cases of illuminating H2 PC or PTCBI, the open-circuit
voltage was 0.43V when the short-circuit current is 1.0 mA/cm2 . In contrast, in
the H2PC/C 60 device, the open-circuit voltage decreased when the C60 layer is illumi-
nated. The short-circuit current is 2.4mA/cm2 and the open-circuit voltages are 0.475
and 0.460V for illuminating H2 PC and C60 , respectively. This result corresponds to
the model that the triplet CT state relaxation via the H2PC triplet state is more
rapid than the singlet CT state recombination to the ground state.
In order to confirm the spin-dependent charge collection, additional experimental
works will be followed. First, the experiment described here will be conducted for the
organic photovoltaic system where both donor and acceptor triplet states lie higher
than the CT states in energy. In this system, the triplet CT state relaxation through
the ground state is spin-forbidden and thus the CT state that originated from the
triplet material will yield enhanced open-circuit voltage. Second, we will measure the
magnetic field dependence of the photocurrent in the photovoltaic devices described
here. The singlet and triplet CT states are non-degenerate without the existence of
magnetic field. The triplet CT states split into three triplet sublevels (T+, To, T_) in
the presence of the magnetic field by Zeeman interaction, and the singlet CT state and
T+I will rapidly interconvert via hyperfine interaction when those two levels are close
to resonance. For example, in H2PC/C 60 system, the singlet CT state will recombine
faster with the resonant magnetic field due to its conversion to T+.
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Figure 4-5: The current-voltage characteristic of H 2PC/PTCBI and
H2PC/C 60 when either the donor and acceptor layer is selectively photoex-
cited. In (a), there is no difference in the IV curves when the H2PC or PTCBI side is
illuminated. In (b), the open-circuit voltage is reduced when the C60 is photoexcited
compared with H2PC. The short-circuit current is 2.4mA/cm 2 and the open-circuit
voltages are 0.475 and 0.460V for H2PC and C60, respectively.
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Chapter 5
Conclusion
Charge recombination is one of the most important problems facing organic solar
cells. The open-circuit voltage and the fill factor can be improved by minimizing the
recombination loss. In this work, first, we showed that the CT state recombination
through the CuPC triplet states is a loss mechanism in the standard CuPC/PTCBI
solar cells. In order to counter this effect, a material with low spin-orbit coupling
can be used to reduce the triplet conversion of the CT states. Second, it is possible
to inhibit the charge recombination using the CT state spin. We showed both in
simulation and experiment that the spin-disallowed recombination increases the open-
circuit voltage in organic bilayer solar cells.
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